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Abstract – We report the eﬀects of Ge partial substitution for Si on local atomic and electronic
structures of thermoelectric materials in binary compound cobalt monosilicides (CoSi1−xGex: 0 ≤
x ≤ 0.15). Correlations between local atomic/electronic structure and thermoelectric properties
are investigated by means of X-ray absorption spectroscopy. The spectroscopic results indicate
that as Ge is partially substituted onto Si sites at x ≤ 0.05, Co in CoSi1−xGex gains a certain
amount of charge in its 3d orbitals. Contrarily, upon further replacing Si with Ge at x ≥ 0.05,
the Co 3d orbitals start to lose some of their charge. Notably, thermopower is strongly correlated
with charge redistribution in the Co 3d orbital, and the observed charge transfer between Ge and
Co is responsible for the variation of Co 3d occupancy number. In addition to Seebeck coeﬃcient,
which can be modiﬁed by tailoring the Co 3d states, local lattice disorder may also be beneﬁcial
in enhancing the thermoelectric properties. Extended X-ray absorption ﬁne structure spectrum
results further demonstrate that the lattice phonons can be enhanced by Ge doping, which results
in the formation of the disordered Co-Co pair. Improvements in the thermoelectric properties
are interpreted based on the variation of local atomic and electronic structure induced by lattice
distortion through chemical substitution.
Copyright c© EPLA, 2014
Introduction. – At present, energy crisis and extreme
climate are two of the most pressing global issues be-
lieved to be related to the rise in carbon dioxide emis-
sion. Sunlight is a clean, renewable, and abundant energy
resource that can be converted into electricity through a
solar cell, wherein solar energy excites the cell’s electrons.
Utilizing solar energy is one of the best ways to gener-
ate green energy. To date, the highest performance eﬃ-
ciency attained by commercial solar cells varies between
10% to 20%, with a substantial portion of energy lost due
to heat loss to the environment. The problem is how
to fully utilize the waste heat and make the use of so-
lar energy more eﬃcient. Solar cells only absorb a certain
(a)E-mail: clchen@phys.sinica.edu.tw
(b)E-mail: dong.cl@nsrrc.org.tw
wavelength of sunlight, but heat has no such restrictions.
Thus, thermoelectric materials that can convert tempera-
ture gradient into thermal induced current may be promis-
ing candidates for energy applications [1].
Transition metal silicides with semi-metallic or semicon-
ducting properties have drawn much attention due to their
applications in thermoelectric materials [2–5]. Silicides ex-
hibit great stability and chemical resistance to oxidation or
acidiﬁcation due to their strong covalent bonding, making
them more suitable for a practical range of applications,
including those performed in high temperature. Among
silicides, cobalt monosilicide CoSi is regarded as a high-
potential candidate for thermoelectric applications [6–8].
CoSi is a semi-metal, and band structure calculations have
shown the presence of a narrow gap, also known as pseu-
dogap, at the Fermi level in its density of states (DOS).
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Materials with pseudogaps have been suggested to have
potential as good thermoelectric materials [9].
In general, the eﬃciency of a thermoelectric material is
evaluated by the dimensionless ﬁgure of merit ZT , cal-
culated as ZT = S2σT/κ, where S is the thermopower
(Seebeck coeﬃcient), σ is the electrical conductivity, and
κ is the thermal conductivity composed of the lattice con-
tribution (κL) and electronic contribution (κe). A higher
ZT value denotes better energy conversion eﬃciency of
a thermoelectric material. Consequently, the criteria of
a thermoelectric material are deﬁned as follows: higher
Seebeck coeﬃcient; lower electrical resistivity; and lower
thermal conductivity. Conceptually, by properly adjust-
ing the parameters S, σ, and κ, the ﬁgure of merit ZT
can be enhanced facilely. Unfortunately, according to the
Weideman-Franz law, an increase of the electrical conduc-
tivity (σ) results in a corresponding increase in thermal
conductivity (κe), which is an obstacle in achieving a high
ZT . The dilemma of allowing electrical transport while si-
multaneously blocking thermal transport can be addressed
by reducing the lattice phonons [6,10]. Current strategy
optimizes these two conﬂicting parameters, which are usu-
ally targeted as the charge carrier increases, by doping and
enhancement of phonon scattering by introducing crys-
tallographic disorder. Numerous studies have been con-
ducted based on adjusted parameters among S, σ, and
κ to discover thermoelectric materials with high perfor-
mance [8]. Notably, all these eﬀects are closely related to
their atomic and electronic structure around the Fermi
level, making these suitable for investigation through
X-ray spectroscopy. To our knowledge, the thermoelectric
properties of such materials have been rarely elucidated
in terms of atomic/electronic structures. Therefore, to
improve the thermoelectric eﬃciency of CoSi, tuning its
physical properties was accomplished by Ge substitution
on the Si sites. In this study, we investigated the eﬀects
of chemical substitution on the thermoelectric properties
through X-ray absorption spectroscopy (XAS).
Experimental. – CoSi1−xGex alloys with 0 ≤ x ≤
0.15 were prepared by arc melting [8]. The mixture of
high-purity elements was placed in a water-cooled cop-
per crucible under an argon atmosphere. These alloys
were then arced several times to attain better sample ho-
mogeneity. Sample quality and structural analysis were
characterized by powder X-ray diﬀraction with Cu Kα
radiation as the cubic B20 structure. XAS measurements
were performed at the National Synchrotron Radiation
Resyearch Center (NSRRC), Taiwan. XAS at Co, Ge K-,
and Co L-edges were performed at the wiggler beamline
17C using the transmission mode and the HSGM beam-
line 20A using total electron yield mode at room tem-
perature. The electronic and atomic structures revealed
by XAS are compared with thermoelectric properties,
such as Seebeck coeﬃcient and thermal conductivity mea-
sured at room temperature [8]. The monochromator Si
(111) crystals were used in the wiggler beamline 17C
Fig. 1: (Colour on-line) XAS spectra of (a) Ge K-edge and
(b) Co K-edge of CoSi1−xGex with x = 0–0.15. Insets show
the magniﬁed area of the main peak region.
with energy resolution set to 0.5 eV to 0.7 eV at Co
(Ge) K-edge. The energy resolution at HSGM beamline
20A was set to 0.2 eV. Extended X-ray absorption ﬁne
structure (EXAFS) oscillations were isolated by removal
of the subsequent pre-edge background by using Athena
software. Resulting EXAFS curves in the wave-vector
space χ(k) were weighted by k3, Fourier transformed with
Athena code, and ﬁtted using the Artemis program of
the IFEFFIT [11]. Structural parameters were thus es-
timated, including coordination number, bond length (R)
and Debye-Waller factor (DWF) (σ2).
Results and discussion. – Materials with narrow
gaps and large DOS at the Fermi level have been sug-
gested to possess good potential as thermoelectric mate-
rials [1,12]. Thus, the electronic structures around the
Fermi level are signiﬁcant and can be determined by X-ray
spectroscopy. Figures 1(a) and (b) present the Co and
Ge K-edge spectra, respectively. The insets show the
overlaid spectra so the change in peak intensity can be
observed. Ge K-edge originates from the excitation of
the 1s core electron to the unoccupied 4p orbitals. Evi-
dently, all spectra of Ge K-edge are similar, implying that
the overall crystal structure remains unchanged upon Ge
doping. However, the inset of ﬁg. 1(a) shows that the
peak intensity diﬀered with the substitution of Ge for Si
in CoSi1−xGex (x = 0.02 to 0.15), suggesting that elec-
tronic structure may vary among the samples. The peak
intensity is apparently increased from x = 0.02 to 0.05
and then decreased beyond x = 0.05, suggesting the oc-
currence of more Ge 4p unoccupied states at x = 0.05,
which declines beyond this value (x = 0.05). The change
in 4p states of dopant Ge implies that the 4p orbital loses
charge until x = 0.05, but gains charge when x > 0.05.
This result indicates a corresponding charge redistribution
with the increase in dopant concentration. Therefore, the
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electron DOS becomes critical from the perspective of the
Co site. Figure 1(b) displays the Co K-edge spectrum as-
cribed to the electronic transition mainly from the Co 1s
to 4p states. The overall spectral proﬁles resemble each
other, again suggesting the unchanged crystal structure
upon Ge doping, which is in agreement with the result
from Ge K-edge. The inset of ﬁg. 1(b) further compares
the peak intensities of CoSi with diﬀerent Ge contents,
showing that the peak intensities of CoSi1−xGex are not
inﬂuenced by Ge doping. The insigniﬁcant change in Co
K-edge indicates that apart from the electronic DOS at
the Co 4p orbital, the lattice structure is also quite similar
at the Co site. No signiﬁcant variation of lattice structure
is observed in CoSi1−xGex, which is consistent with the
XRD results [8].
However, while the outermost electron shell in Ge is the
4p orbital, the 3d orbital is the outermost shell of elec-
tron in Co. Instead of the 4p orbital that is probed by Co
K-edge XAS, Co 3d states can be directly probed by the
Co L-edge owing to the transition from 2p6d7 to 2p5d8
ﬁnal states. The thermoelectric properties are strongly
correlated with the DOS of d orbital [12–16]. Thus, the
Co L-edge may provide more detailed information on the
electronic structure than the K-edge. Figure 2(a) dis-
plays the Co L-edge spectra. In the Co L-edge XAS in
ﬁg. 2(a), the spin-orbital coupling splits the Co 2p core
hole into the 2p3/2 and 2p1/2 levels, yielding the Co L3-
and Co L2-edges that originate from the V 2p3/2 → V 3d
and V 2p1/2 → V 3d transitions, respectively. Normally,
the L2-edge is the replica of L3-edge: in this case, the en-
largement of the L3 absorption edge is given in ﬁg. 2(b).
The absorption peak of Co L3-edge at x = 0.05 presents
the lowest intensity. The integrated intensity across the
Co L3 absorption edge after removing the transition to
the continuum states (marked by the dashed lines in the
bottom of ﬁg. 2(a)) is proportional to the density of unoc-
cupied Co 3d states. These integrated values are presented
in ﬁg. 2(c).
Notably, the unoccupied Co 3d states do not vary sys-
tematically with x in these CoSi0.95Ge0.05 samples. Cal-
culated DOS studies have indicated that the Co 3d states
are mainly conﬁned near the Fermi level in CoSi1−xGex
alloys [15]. Seebeck coeﬃcient is often discussed using the
Mott formula, which suggests that any change in the See-
beck coeﬃcient is a direct eﬀect of the modiﬁcations in
the DOS near the Fermi level [8,12]. The Seebeck coeﬃ-
cient measurement is a sensitive energy probe relative to
the Fermi level, and these results could reveal information
about the changes in band/electronic structure. There-
fore, in addition to the unoccupied Co 3d states plotted
in ﬁg. 2(c), the relation to S is also included for com-
parison. Interestingly, the measured S does not vary in
relation to x in the CoSi1−xGex alloys, but the change in
S correlates well with the unoccupied Co 3d states, indi-
cating that the observed composition dependence in S is
likely attributed to the changes in the density of Co 3d
states [15].
Fig. 2: (Colour on-line) (a) XAS spectra of Co L2,3-edges of
CoSi1−xGex with x = 0–0.15. (b) Overlaid spectra of L3-
edge area. (c) Relation of Co 3d states and thermopower S.
(d) Comparison of peak intensities from Co L-edge and Ge
K-edge.
To gain insight into the origin of the change in Co 3d
density of states modiﬁed by Ge dopant, the electronic
structure around host Co and dopant Ge sites are com-
pared in ﬁg. 2(d). As previously stated, the change
in the 4p states of dopant Ge implies that the 4p or-
bital loses charge until x = 0.05 and gains charge when
x > 0.05, indicating the occurrence of charge redistri-
bution in CoSi1−xGex with increased dopant concentra-
tion. To qualitatively estimate the change of unoccupied
4p states of the dopant, the same procedure is exploited
(method used in Co L3-edge). The peak area across the Ge
K-edge is integrated after discounting the background in-
tensity generated from the transition to continuum states.
These values are expected to be proportional to the den-
sity of unoccupied Ge 4p states, as presented in ﬁg. 2(d).
Notably, the absorption peak of Co L-edge at x = 0.05
presents the lowest intensity, whereas the Ge K-edge at
x = 0.05 presents the highest intensity. Moreover, oppo-
site trends of the peak areas estimated from Co L- and
Ge K-edges are observed. As reported earlier in CoSi
band structure calculations [14–16], CoSi is characterized
as a semi-metal and shows a slight overlap between elec-
tron and hole pockets, yielding a small DOS around the
Fermi level which facilitates the charge transfer between
Ge (4p) and Co (3d) hybridized states. These results
show that the occupation of the Co 3d states decreases
(increases) with corresponding increased (decreased) Ge
4p occupation upon Ge doping. The experimental observa-
tion suggests the occurrence of charge transfer between Co
and Ge.
Variation in DOS near the Fermi level, which is associ-
ated with pseudogap narrowing, is responsible for the ob-
served composition dependence in the Seebeck coeﬃcient
of CoSi1−xGex [8]. The band structure of CoSi1−xGex
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exhibits a slight extension of the pseudogap, making a
shift toward Fermi level in the increase of Ge substitu-
tion for Si [17]. The narrowing of the pseudogap may
increase Ge 4p-Co 3d hybridization. By considering the
electronegativity of Co (1.88), Si (1.9), and Ge (2.01), Ge
has higher electronegativity than Co; thus, with a greater
Ge amount in the system, the p-d hybridization of Co (3d)
and Ge (4p) is enhanced, resulting in increased Ge charges
acquired from Co.
The mobility of the charge carrier may correlate with
the empty states in the conduction band, so the DOS at
EF may be associated with electrical resistivity. In refer-
ence to the electrical resistivity measurements, CoSi alloys
exhibit semi-metallic behavior. Upon a slight degree of
Ge substitution (x < 0.02) for Si, the electrical resistivity
exhibits a signiﬁcant decrease by about an order of mag-
nitude [8]. With further Ge substitution, the electrical
resistivity continuously decreases. The semi-metallic na-
ture and the decrease in resistance have been associated
with the low DOS at the Fermi level (EF).
Substitution of Ge in CoSi1−xGex alloys is expected to
yield larger atomic radius than that of Si, which enables an
extended p orbital to overlap with Co 3d and consequently
narrow the band gap. This gap narrowing may lead to
an increase in DOS at EF for these Ge-substituted al-
loys, resulting in a reduction in electrical resistivity. How-
ever, the thermopower cannot be fully explained by the
change of DOS at EF, and the relation of S behavior and
electronic structure around Co is only valid at x-values
beyond 0.05. Consequently, another factor possibly dic-
tates thermopower. The Seebeck coeﬃcient is theoreti-
cally proportional to the slope of DOS around the Fermi
level, and a slight shift in the position of Fermi level could
cause a substantial change in Seebeck coeﬃcient [12]. The
measured Seebeck coeﬃcient does not vary systematically
with Ge content at room temperature, which is due to
the fact that the Seebeck coeﬃcient not only depends on
the electronic DOS but on the relative position to the
Fermi level. For high Ge doping level, the band struc-
ture exhibiting the pseudogap slightly extends to make a
shift toward Fermi level with the increase of Ge substi-
tution for Si [17]. Consequently, the diﬀerent behaviors
of relation between S and Co 3d states below and above
x = 0.05 may originate from the diﬀerent positions of
EF. More detailed calculation is required to clarify this
argument.
The ability of a material to eﬃciently produce thermo-
electric power is related to its dimensionless ﬁgure of merit,
given by ZT = S2σT/κ. ZT value can be optimized by
adjusting the parameters of S, σ, and κ. Normally, good
electrical conductivity and poor thermal conductivity will
yield a high ZT value. To enhance ZT , increasing the elec-
trical conductivity is commonly achieved by doping. How-
ever, total thermal conductivity (κ) is a sum of electronic
(κe) and lattice (κL) terms, which is written as κ = κL+κe.
Therefore, increasing electrical conductivity (σ) will spon-
taneously increase the electric contribution (κe) of thermal
Fig. 3: (Colour on-line) (a) k3-weighted Fourier-transformed
EXAFS spectra Black solid lines represent experimental data
and red open circles represent best-ﬁtted spectra. (b) Local
structure of CoSi. (c) Correlation of lattice thermal conduc-
tivity and Debye-Waller factor.
conductivity (κ) based on Wiedemann-Franz law, which is
stated as κe = L0T/ρ, where ρ is the electric resistivity
and the Lorentz number. Thus, this situation retards ZT
enhancement. An increase in the electrical contribution of
thermal conductivity inevitably results from increasing the
electrical conductivity, so a current strategy is to reduce
the lattice thermal conductivity by enhancing the phonon
scattering by introducing crystallographic disorder [18].
The foregoing highlights the signiﬁcance of lattice phonon
in the study. The lattice phonon can be revealed by DWF
(σ2) from EXAFS.
Figure 3(a) presents the κ3-weighted Fourier-
transformed EXAFS spectra from k = 3.2 to 13.2 A˚−1
(black solid lines) of the CoSi1−xGex samples. The best
ﬁts (open red circles) to the spectra are also plotted
in ﬁg. 3(a). The results of the best ﬁts for the shells
are given in table 1. The R-factor is a measure of the
misﬁt between theoretical and experimental Fourier
transformed spectrum and can be used to evaluate the
goodness of ﬁt. The R-factors for x = 0, 0.02, 0.05,
0.1 and 0.15 are 0.00394, 0.00572, 0.00632, 0.00258 and
0.00207. The peaks (without phase correction) near 1.9
and 2.4 A˚ correspond to the ﬁrst (Co-Si/Ge) and second
(Co-Co) shells of the central Co atom. The ﬁtted data
indicate that the coordination number and the bond
length do not vary signiﬁcantly as a function of the
dopant Ge concentration. With the increasing dopant
concentration (x = 0–0.15), the nearest-neighbor Co-Si
bond distance is increased from 2.33 A˚ to 2.36 A˚, and
the nearest-neighbor Co-Ge bond distance is increased
from 2.38 A˚ to 2.41 A˚. The nearest-neighbor Co-Co is
approximately 2.71 A˚. The EXAFS results imply that the
structural symmetry shown in ﬁg. 3(b) remains as a B20
structure upon Ge doping, which is consistent with the
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Table 1: Coordination numbers (CN), bond distances (r) and
Debye-Waller factors (σ2) for CoSi1−xGex with x = 0–0.15.
x Shell CN r (A˚) σ2 (10−3 A˚2)
0.00 Co-Co 1.96± 0.32 2.71± 0.01 3.2± 0.4
Co-Si 2.52± 0.47 2.33± 0.01 5.9± 0.8
0.02 Co-Co 1.96± 0.32 2.71± 0.01 3.6± 0.2
Co-Si 2.39 2.33± 0.01 6.0± 0.5
Co-Ge 0.12 2.38± 0.01 6.0± 0.5
0.05 Co-Co 1.96± 0.32 2.71± 0.01 3.9± 0.3
Co-Si 2.27 2.34± 0.01 6.5± 0.5
Co-Ge 0.25 2.39± 0.01 6.5± 0.5
0.10 Co-Co 1.96± 0.32 2.70± 0.01 3.9± 0.2
Co-Si 2.14 2.34± 0.01 6.3± 0.3
Co-Ge 0.37 2.39± 0.01 6.3± 0.3
0.15 Co-Co 1.96± 0.32 2.71± 0.01 4.4± 0.2
Co-Si 1.76 2.36± 0.01 7.2± 0.3
Co-Ge 0.79 2.41± 0.01 7.2± 0.3
XRD result. The slight expansion of the bond distance
upon Ge doping is attributed to the larger atomic radius
of Ge than that of Si. The diﬀerence in bond distance
upon Ge doping may cause local lattice distortion around
the central Co atom. DWFs are closely related to the
lattice phonon. Therefore, they are further compared
in ﬁg. 3(c). The best-ﬁtted DWFs of the Co-Co pair
(3.2± 0.4 (10−3 A˚2)) and Co-Si pair (5.9± 0.8 (10−3 A˚2))
in the parent compound CoSi are smaller than those
of doped ones. The DWFs of Co-Co pair and Co-Si
pair, respectively, increase to 4.4 ± 0.2 (10−3 A˚2) and
7.2± 0.3 (10−3 A˚2) in CoSi0.85Ge0.15. These results imply
that the lattice exhibits more disorder by replacing Si
with Ge. Interestingly, the degree of the disorder of Co-
Co correlates strongly with lattice thermal conductivity.
Figure 3(c) compares the changes in the DWFs and in
the lattice thermal conductivity. Ge doping evidently
aﬀects lattice disorder, and the point defect can lead to
the enhancement of phonon scattering and sequential
reduction of lattice thermal conductivity.
The Seebeck coeﬃcient measurement is a sensitive en-
ergy probe relative to the Fermi level, and these re-
sults could reveal information about the band structure
changes. Therefore, XAS results may have a certain ex-
tent of correlation with electronic properties above the
Fermi (EF) level. Ge is isoelectronic to Si, so the enhanced
thermoelectric performance is probably not due to the
changes in the mobility or carrier concentrations; instead,
the enhancement is mainly due to the change in the de-
gree of lattice disorder. This study pioneers reporting the
use of XAS to comprehensively investigate thermoelectric
properties. Improvements in the thermoelectric properties
were interpreted on the basis of the variation of local
atomic and electronic structures induced by the charge
redistribution around the Fermi level and the lattice dis-
tortion through chemical substitution. Additionally, this
research provides a relevant, rarely used approach to un-
derstand thermoelectric materials, as well as lays a foun-
dation in engineering better thermoelectric materials from
the perspective of X-ray absorption technique.
Conclusions. – In this study, we exploit XAS to in-
vestigate the eﬀects of Ge substitution for Si in cobalt
monosilicides on local electronic and atomic structures,
as well as their relation to the thermoelectric proper-
ties. Spectroscopic observation indicates the occurrence
of charge redistribution between Co and Si upon Ge dop-
ing. By partially replacing Si with Ge at x ≤ 0.05, Co
gains charges in its 3d orbitals. However, this charge is re-
moved from the 3d orbitals upon further Ge substitution
at x ≥ 0.05. The thermopower is strongly correlated with
the charge redistribution in the Co 3d orbital, and the ob-
served charge transfer between Ge and Co is responsible
for the variation of Co 3d occupancy number. The increase
in the lattice phonon by point defect is further evidenced
by our spectroscopic results. The disordered Co-Co pair is
suggested to dominate the enhancement of phonon scatter-
ing. The improvements in the thermoelectric properties,
including increased thermopower, suppression of thermal
conductivity, and increased ﬁgure of merit, are interpreted
on the basis of the variation of local atomic and electronic
structures studied through X-ray absorption spectroscopy.
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